The effects of Si addition on microstructures, high temperature compressive properties and creep properties of the ¢-stabilized Ti-45Al-3Fe-2Mo alloy have been studied in this work. The results show that the Si addition decreases the volume fraction of ¢ phase and precipitates particulate Ti 5 Si 3 phase. At the same time, the Si addition improves the high temperature strength of the Ti-45Al-3Fe-2Mo alloy for about 200 MPa at 800°C and decreases the creep strain for about 35% at 800°C under an applied stress of 150 MPa. The decrease in volume fraction of ¢ phase and precipitation of Ti 5 Si 3 particles are believed to be the dominant mechanisms for the improvement of the high temperature properties of the Si-doped TiAl alloy.
Introductions
Titanium aluminide (TiAl) is a promising light-weight structural material which can withstand temperatures up to 900°C and may satisfy the demand for weight reduction and higher engine efficiencies in automotive, aerospace, and energy industries. 1, 2) Although remarkable progress has been made, TiAl alloy has not yet been widely applied because of its brittleness and limited workability. One way to improve the workability of TiAl alloys is to add alloying elements to form ¢ phase at elevated temperatures.
3) The disordered ¢ phase with bcc lattice provides a sufficient number of independent slip systems and is softer than the ¡ 2 and £ phases. Thus, it may improve the deformability of TiAl alloys at an elevated temperature. Several researchers 47) have demonstrated that improvements in hot workability can be achieved by stabilizing the ¢ phase through alloying with Nb, Fe, Mo, or other elements. In our previous works, 810) a new Ti-45Al-3Fe-2Mo at% alloy with a volume fraction of the ¢ phase higher than 25% was designed. Good workability under near conventional condition and improved low-temperature superplastic properties were obtained in this alloy.
The crucial requirements for TiAl alloys as a structural material are good tensile/compressive strength and high creep strength at high temperatures. The introduction of the ¢ phase may deteriorate the tensile/compressive and creep properties since the ¢ phase is soft at elevated temperatures. One way to solve this dilemma is to eliminate the ¢ phase by subsequent heat treatments after hot working, 11) but it is difficult to eliminate the ¢ phase completely since it usually contains stabilizing elements. Addition of interstitial elements, such as Si, is another way to increase the high temperature properties of TiAl alloys. Some works have demonstrated that the addition of Si can modify the microstructures and improve the high temperature properties of £-TiAl alloys. 12, 13) However, for the ¢ stabilized TiAl alloys, the effects of Si on the microstructures and the high temperature properties are still unclear. In the present study, the effects of Si addition on the microstructures, the high temperature compressive properties and high temperature creep properties of the ¢-stabilized Ti-45Al-3Fe-2Mo alloy have been studied, and the deformation mechanisms during hot compression and creep are also discussed.
Experimental
TiAl-based alloys with compositions of Ti-45Al-3Fe-2Mo-xSi (x = 0, 0.3, 0.5 and 1.0, at%) were prepared by a vacuum arc melting method. To ensure composition uniformity, the alloys were remelted at least 4 times. The ingots were then homogenized at 1200°C for 24 h and 900°C for 2 h, followed by air cooling. Samples for hot compression and creep tests were machined from the homogenized ingots. The hot compression samples have a diameter of 8 mm and a height of 12 mm, and the creep samples have a diameter of 6 mm and a length of 30 mm in the gauge area. Compression tests were conducted at temperatures of 800°C and strain rate of 10 ¹2 s
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on an Instron 3369 machine. Creep tests were carried out at 800°C for 300 h under a constant loading of 150250 MPa on a MTS-GWT 2105 creep tester. The microstructures of the samples before and after deformation were observed by Field Emission Scanning Electron Microscope (FE-SEM, FEI NOVA NANOSEM 230) and Transmission Electron Microscope (TEM, JEOL 2100F). The specimens for SEM observation were electrolytically polished by using 30 ml nitric acid and 70 ml methanol solution, and the TEM specimens were prepared by twin jet-polishing in an electrolyte solution containing 5% volume of perchloric acid, 35% volume of butanol and 60 vol% of methanol at ¹30°C and 20 V. Figure 1 shows the SEM microstructures of the Ti-45Al-3Fe-2Mo-xSi alloys after homogenization. The Ti-45Al-3Fe-2Mo alloy consists of lamellar colonies, £ phase and ¢ phase, as shown in Fig. 1(a) . The average grain size of the Ti-45Al-3Fe-2Mo alloy is about 35 µm and the volume fraction of the ¢ phase is about 15.4%. With increasing the Si content, the average grain size and the volume fraction of ¡ 2 phase increase, while the volume fraction of ¢ phase and the lamellar spacing of the colonies decrease. When the content of Si increases to 1.0 at% ( Fig. 1(d) ), it is hard to observe the lamellar structure and the microstructrue contains £ phase, ¡ 2 phase and residual ¢ phase.
Results and Discussions

Effects of Si on the microstructure
Figures 2(a)(c) show the TEM images of the Ti-45Al-3Fe-2Mo-xSi alloys after homogenization. Some round-shaped precipitates disperse in the TiAl matrix. According to the EDS analysis, the precipitates are rich in Ti (47.6 at%) and Si (32.5 at%), while poor in Fe (1.6 at%) and Mo (1.5 at%). Kim et al. 14) studied the Ti-Al-Si ternary phase diagram and reported that the solubility of silicon in the £ phase is lower than 0.5% below 1273 K, and the Ti 5 Si 3 -type titanium silicate forms in the alloys containing over 0.5% Si. 15) Therefore, the precipitates in the present study can be determined to be Ti 5 Si 3 particles. The Si content of the alloys has a great influence on the size of the Ti 5 Si 3 precipitates. With an increase in the Si content from 0.3% to 1.0%, the size of the Ti 5 Si 3 precipitates increases from about 50 nm to nearly 300 nm. Figures 2(d) and (e) show high resolution images and related FFTs (Fast Fourier Transform) of the Ti-45Al-3Fe-2Mo-0.5Si alloy. The observed position is indicated by an arrow in Fig. 2(b Fig. 2(b) ; (e) FFT image related to the Fig. 2(d) , the beam direction is ½0 11. Figure 3 shows the high temperature flow curves of the Ti-45Al-3Fe-2Mo-xSi alloys at 800°C and a strain rate of 10 ¹2 s ¹1 . It is shown that the Si addition improves the high temperature compressive strength of the TiAl alloy. The peak stress of the Si-free alloy is about 600 MPa, while the peak stress for the Ti-45Al-3Fe-2Mo-0.5Si and Ti-45Al-3Fe-2Mo-1Si alloy increases to about 810 and 750 MPa. The high temperature compressive strength is closely related to the microstructure. The decrease in volume fraction of ¢ phase greatly reduces the deformability and increases the high temperature strength because the bcc ¢ phase is a high temperature soft phase. At the same time, the precipitation of the Ti 5 Si 3 phase and the reducing of the lamellar spacing restrain the dislocation movement, and thus also increase the high temperature compressive strength. In addition, the Sicontained alloys show less flow-softening characteristics compared with the Si-free alloy, which may be because the Si-contained alloys contain lower volume fractions of ¢ phase and have smaller lamellar spacing. Figure 4 shows the SEM images of the Ti-45Al-3Fe-2Mo-xSi alloys deformed at 800°C with a strain rate of 10 ¹2 s ¹1 to a strain of 0.5. The microstructures of the Si-free and Ti45Al-3Fe-2Mo-0.5Si alloys exhibit typical elongated characteristics. The lamellar colonies become kinked and dense new grains created by dynamic recrystallization can be observed in the residual ¢ phases. In the Ti-45Al-3Fe-2Mo-1Si alloy, no lamellar kinking can be observed and the grain boundary ¢ phases were broken to particles. Figure 5 shows the TEM microstructures of Ti-45Al-3Fe-2Mo-1Si alloy deformed at 800°C with a strain rate of 10 ¹2 s
Effects of Si on the high temperature compressive properties
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. It indicates that the Ti 5 Si 3 precipitates pin the dislocations (Fig. 5(a) ), restrain the movement of dislocation, and cause the second phase dispersion strengthening. At the same time, some Ti 5 Si 3 precipitates react with the twins (Fig. 5(b) ) and affect the twin deformation. The dispersion strengthening and the interaction with the twin greatly increase the high temperature strength. Figure 6 shows the creep curves of the Ti-45Al-3Fe-2Mo-xSi alloys tested at temperature of 800°C with an applied stress of 150 MPa. At a creep time of 7 © 10 5 s, the creep Fig. 3 True stress vs. true strain curves of the Ti-45Al-3Fe-2Mo-xSi alloys deformed at 800°C and strain rate of 10 ¹2 s
Effects of Si on the high temperature creep properties
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. Fig. 4 SEM Microstructures of the Ti-45Al-3Fe-2Mo-xSi alloys deformed at 800°C with strain rate of 10 ¹2 s
: (a) Ti-45Al-3Fe-2Mo alloy, (b) Ti-45Al-3Fe-2Mo-0.5Si alloy, (c) Ti-45Al-3Fe-2Mo-1Si alloy. The white phase and dark phase correspond to the ¢ phase and £ phase, respectively. strain for the Ti-45Al-3Fe-2Mo-0.5Si alloy is about 2.5%, which is about 35% lower than that of the Si-free alloy. The results suggest that the Si-contained alloy has much better creep resistance than the Si-free alloy. Figure 7 shows the relationship between the minimum creep rate and effective stress for the Ti-45Al-3Fe-2Mo-xSi alloys. The stress exponent n can be deduced from the slope of the lines. The n value of the Si-free alloy is about 4.2, which suggests that the creep deformation is controlled by the dislocation climb, 19) while the value for the Si-contained alloy is about 6.5, which exhibits a characteristic of precipitation hardened alloy. A high stress exponent of the Si-contained alloy suggests the retarding effect of the precipitates on the dislocation migration. The dislocations climb over the Ti 5 Si 3 precipitates and detach around the precipitates. Figure 8 shows the TEM microstructures of the Ti-45Al-3Fe-2Mo alloys after creep deformation at 800°C. The dislocations form a dislocation wall, as shown in Fig. 8(a) , which suggests that the dislocation can move easily. At the same time, some ¢ phases disperse on the £/¡ 2 interfaces and act as lubricant for the creep deformation, as shown in Fig. 8(b) . Figure 9 shows the TEM images of the Ti-45Al-3Fe-2Mo-0.5Si alloys after creep deformation at 800°C under a stress of 150 MPa. It reveals that some fine precipitates with an average size of 10 nm embedded in the TiAl matrix ( Fig. 9(a) ), and the dislocations are pinned and tangled together around the fine precipitates. These dislocations are 1/2[110] type dislocations which is determined by Perdrix et al. 15) There are also some coarse precipitates with a size of about 100 nm ( Fig. 9(b) ). The big particles can act as a generation of dislocation due to the high stress concentration in the interface of the matrix and particles. The dislocations bypass the precipitates follows the simple orowan mechanism, which can be descripted as:
where · or is the Orowan stress, M is the Taylor factor, v is the Poisson's ratio, l is the mean spacing between the particles, r is the mean particle radius, G is the shear modulus of matrix and b is the length of Burgers vector. For the present TiAl alloys, the constants in eq. (1) can be determined as: M = 3, 21) v = 0.24, 21) b = 2.83 © 10 ¹10 m, 22) l = 10 ¹7 m, r = 5 © 10 ¹8 nm, the mean spacing between the particles (l) and the mean particle radius (r) were determined from the TEM observations. Therefore, an Orowan stress in the present alloy can be calculated to be 0.4 MPa. The Orowan stress provides dislocation motion resistance and thus improves the creep properties. 
Conclusions
